Thioridazine is known to have anti-tumor effects by inhibiting PI3K/Akt signaling, which is an important signaling pathway in cell survival. However, thioridazine alone does not induce apoptosis in head and neck squamous cell carcinoma (AMC-HN4), human breast carcinoma (MDA-MB231), and human glioma (U87MG) cells. Therefore, we investigated whether combined treatment with thioridazine and curcumin induces apoptosis. Combined treatment with thioridazine and curcumin markedly induced apoptosis in cancer cells without inducing apoptosis in human normal mesangial cells and human normal umbilical vein cells (EA.hy926). We found that combined treatment with thioridazine and curcumin had synergistic effects in AMC-HN4 cells. Among apoptosis-related proteins, thioridazine plus curcumin induced down-regulation of c-FLIP and Mcl-1 expression at the post-translational levels in a proteasome-dependent manner. Augmentation of proteasome activity was related to the up-regulation of proteasome subunit alpha 5 (PSMA5) expression in curcumin plus thioridazinetreated cells. Combined treatment with curcumin and thioridazine produced intracellular ROS in a NOX4-dependent manner, and ROS-mediated activation of Nrf2/ARE signaling played a critical role in the up-regulation of PSMA5 expression. Furthermore, ectopic expression of c-FLIP and Mcl-1 inhibited apoptosis in thioridazine and curcumin-treated cells. Therefore, we demonstrated that thioridazine plus curcumin induces proteasome activity by up-regulating PSMA5 expression via NOX4-mediated ROS production and that down-regulation of c-FLIP and Mcl-1 expression post-translationally is involved in apoptosis.
Introduction
Thioridazine (10-[2-(1-methyl-2-piperidyl) ethyl]-2-(methylthio) phenothiazine) is an anti-psychotic drug for treating psychosis and schizophrenia [1, 2] . Recently, anti-cancer effects of thioridazine have been reported. Thioridazine induces apoptosis [3] [4] [5] [6] [7] [8] as well as inhibits angiogenesis [9, 10] and metastasis [11] in cancer cells. Furthermore, thioridazine induced stem cell differentiation to overcome neoplastic self-renewal [12] as well as inhibited sphere formation of stem cells and decreased the stemness [13] . Several molecular mechanisms of anticancer effects of thioridazine have been known. Inhibition of PI3K/Akt and mTOR signaling are involved in thioridazine-induced apoptosis [3] . Tousled-like kinases (TLKs), which are involved in chromatin assembly and DNA repair, are also inhibited by thioridazine, resulting in potentiation of tumor killing effects [14] . In addition, thioridazine inhibits breast cancer cell proliferation via calmodulin antagonism [15] . Instead of single thioridazine treatment, combined treatment with thioridazine and anti-cancer drugs can improve the therapeutic effect and reduce side effects. For example, a sub-toxic dosage of thioridazine plus tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) induced apoptosis in renal carcinoma Caki cells through the production of reactive oxygen species (ROS) [16] . Combined treatment with thioridazine and doxorubicin maximizes the anti-cancer effect in breast cancer cells [17, 18] .
For cancer treatment and prevention, natural compounds extracted from plants or released by microbes are used. Curcumin is one cancer chemopreventive compound; it is a polyphenolic phytochemical extracted from the rhizomes of the Curcuma longa plant. Curcumin could induce apoptosis in cancer cells [19] [20] [21] [22] [23] [24] as well as inhibit VEGF and osteopontin-induced angiogenesis [25, 26] . Furthermore, curcumin
Flow cytometry analysis
For flow cytometry, the cells were resuspended in 100 μl of phosphate-buffered saline (PBS), and 200 μl of 95% ethanol was added while the cells were being vortexed. Then, the cells were incubated at 4°C for 1 h, washed with PBS, resuspended in 250 μl of 1.12% sodium citrate buffer (pH 8.4) and 12.5 μg of RNase and incubated for an additional 30 min at 37°C. The cellular DNA was then stained by adding 250 μl of a propidium iodide solution (50 μg/ml) to the cells for 30 min at room temperature. The stained cells were analyzed by fluorescentactivated cell sorting on a FACScan flow cytometer to determine the relative DNA content, which was based on the red fluorescence intensity.
Western blot analysis
For the Western blot experiments, the cells were washed with cold PBS and lysed on ice in modified RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM Na 3 VO 4 , and 1 mM NaF) containing protease inhibitors (100 μM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 10 μg/ml pepstatin, and 2 mM EDTA). The lysates were centrifuged at 10,000g for 10 min at 4°C, and the supernatant fractions were collected. The proteins were separated by SDS-PAGE electrophoresis and transferred to Immobilon-P membranes. The specific proteins were detected using an enhanced chemiluminescence (ECL) Western blot kit according to the manufacturer's instructions.
Determination of synergy and cell viability assay
The possible synergistic effect of thioridazine and curcumin was evaluated using the isobologram method. In brief, the cells were treated with different concentrations of thioridazine and curcumin alone or in combination. After 24 h, the XTT assay was employed to measure the cell viability using a WelCount Cell Viability Assay Kit (WelGENE, Daegu, Korea). Reagent was added to each well and each well was then measured with a multi-well plate reader (at 450 nm/690 nm). Relative survival was assessed and the concentration effect curves were used to determine the IC 50 (the half-maximal inhibitory concentration) values for each drug alone and in combination with a fixed concentration of the second agent [38] .
4′,6′-Diamidino-2-phenylindole staining (DAPI) for nuclei condensation and fragmentation
AMC-HN4 cells were seeded at a density of 0.2 × 10 6 cells/well in 12-well plates and then attached overnight. Medium was replaced with fresh DMEM media, cells were treated with 10 μM thioridazine in the presence or absence of 0.5 μM curcumin for 24 h. To examine cellular nuclei, the cells were fixed with 1% paraformaldehyde on glass slides for 30 min at room temperature. After fixation, the cells were washed with PBS and a 300 nM 4′,6′-diamidino-2-phenylindole solution (Roche, Mannheim, Germany) was added to the fixed cells for 5 min. After the nuclei were stained, the cells were examined by fluorescence microscopy.
2.6. The DNA fragmentation assay AMC-HN4 cells were seeded at a density of 0.2 × 10 6 cells/well in 12-well plates and then attached overnight. Cells were treated with 10 μM thioridazine in the presence or absence of 0.5 μM curcumin for 24 h. The cell death detection ELISA plus kit (Boerhringer Mannheim; Indianapolis, IN) was used to determine the level of apoptosis by detecting fragmented DNA within the nuclei of thioridazine-treated cells, curcumin-treated cells, or cells that had been treated with a combination of thioridazine and curcumin. Briefly, each culture plate was centrifuged for 10 min at 200g, the supernatant was removed, and the cell pellet was lysed for 30 min. Then, the plate was centrifuged again at 200g for 10 min, and the supernatant that contained the cytoplasmic histone-associated DNA fragments was collected and incubated with an immobilized anti-histone antibody. The reaction products were incubated with a peroxidase substrate for 5 min and measured by spectrophotometry at 405 and 490 nm (reference wavelength) with a microplate reader. The signals in the wells containing substrate alone were subtracted as the background.
Asp-Glu-Val-Asp-ase (DEVDase) activity assay
To evaluate DEVDase activity, cell lysates were prepared after their respective treatments with curcumin in the presence or absence of thioridazine. Assays were performed in 96-well microtiter plates by incubating 20 μg of cell lysates in 100 μl of reaction buffer (1% NP-40, 20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 10% glycerol) containing a caspase substrate [Asp-Glu-Val-Asp-chromophore-p-nitroanilide (DVAD-pNA)] at 5 μM. Lysates were incubated at 37°C for 2 h. Thereafter, the absorbance at 405 nm was measured with a spectrophotometer.
Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated using the TriZol reagent (Life Technologies; Gaithersburg, MD), and the cDNA was prepared using M-MLV reverse transcriptase (Gibco-BRL; Gaithersburg, MD) according to the manufacturer's instructions [39, 40] . The following primers were used for the amplification of human c-FLIP, Mcl-1, PSMA5, and actin: c-FLIP (sense)  5′-CGG ACT ATA GAG TGC TGA TGG -3′ and (antisense) 5′-GAT TAT  CAG GCA GAT TCC TAG -3′, Mcl-1 (sense) 5′-GCG ACT GGC AAA GCT  TGG CCT CAA-3′ and (antisense) 5′-GTT ACA GCT TGG ATC CCA ACT  GCA-3′, PSMA5 (sense) 5′-CTT GCA AGA AGT TTA TCA CAA GTC T -3′ and (antisense) 5′-GAA ATT CTG GCC AGG CTG C -3′, and actin (sense) 5′-GGC ATC GTC ACC AAC TGG GAC -3′ and (anti-sense) 5′-CGA TTT CCC GCT CGG CCG TGG -3′. The PCR amplification was performed using the following cycling conditions: 94°C for 3 min followed by 17 (actin) or 23 cycles (c-FLIP, and Mcl-1, and PSMA5) of 94°C for 45 s, 58°C for 45 s, 72°C for 1 min, and a final extension at 72°C for 10 min. The amplified products were separated by electrophoresis on a 1.5% agarose gel and detected under UV light.
Proteasome activity assay
AMC-HN4 cells were seeded at a density of 0.2 × 10 6 cells/well in 12-well plates and then attached overnight. Cells were treated with 10 μM thioridazine plus 0.5 μM curcumin for 24 h. After treatment, chymotryptic proteasome activities were measured with Suc-LLVY-AMC (chymotryptic substrate, Biomol International, Plymouth Meeting, PA). Cells were collected, washed with PBS and lysed. A mixture containing 1 μg of cell lysate protein in 100 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , and 2 mM ATP was incubated at 37°C for 30 min with 50 μM Suc-LLVY-AMC. Enzyme activity was measured with a fluorometric plate reader at an excitation wavelength of 380 nm and an emission wavelength of 440 nm.
DNA transfection and luciferase assay
Transient transfection was performed in 6-well plates. One day before the transfection, AMC-HN4 cells were plated at approximately 60 to 80% confluence. The PSMA5/-277-Luc or ARE-Luc plasmid was transfected into the cells using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA). After transfection, cells were treated with 10 μM thioridazine plus 0.5 μM curcumin or 200 μM sulforaphane for 24 h. To assess the promoter-driven expression of the luciferase gene, the cells were collected and disrupted by sonication in lysis buffer (25 mM Trisphosphate, pH 7.8, 2 mM EDTA, 1% Triton X-100%, and 10% glycerol), and aliquots of the supernatant were used to analyze the luciferase activity according to the manufacturer's instructions (Promega, Madison, WI, USA).
Preparation of cytosol and nuclear extracts
AMC-HN4 cells were seeded at a density of 0.4 × 10 6 cells/well in 6-well plates and then attached overnight. Cells were pretreated with 5 mM NAC, 2 mM GEE, and 200 μM trolox for 30 min, and they were then treated with 10 μM thioridazine plus 0.5 μM curcumin for 24 h or treated with 10 μM thioridazine plus 0.5 μM curcumin for 1, 3, and 6 h. Following the required treatments, AMC-HN4 cells were trypsinized and suspended in buffer A (10 mM HEPES at pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM PMSF). After incubation on ice for 30 min, cells were centrifuged at 2500 rpm for 3 min to obtain a nuclear pellet. Supernatant fractions were collected as the cytosol extract. Buffer C (20 mM HEPES at pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF) was added, which was followed by rotation for 30 min at 4°C. The resulting lysates were centrifuged at 12,000 rpm at 4°C for 5 min. Supernatant fractions were collected as the nuclear extract
Small interfering RNAs
The GFP (control), Nrf2, PSMA5, and NOX4 small interfering RNA (siRNA) duplexes used in this study were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cells were transfected with siRNA using Oligofectamine Reagent (Invitrogen, Carlsbad, California, USA) according to the manufacturer's recommendations.
Measurement of reactive oxygen species (ROS)
Intracellular accumulation of ROS was determined using the fluorescent probes 2′, 7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA) and Mitosox Red. AMC-HN4 cells were treated with thioridazine and curcumin; then, cells were stained with the H 2 DCFDA fluorescent dye or Mitosox Red for an additional 10 min. Afterwards, cells were trypsinized and resuspended in PBS, and fluorescence was measured at specific time intervals with a flow cytometer (Becton-Dickinson; Franklin Lakes, NJ, USA) or fluorescence microscope (Zeiss, Jena, Germany).
Detection of NBT (nitro blue tetrazolium)
AMC-HN4 cells were transiently transfected with a control siRNA or NOX4 siRNA. Twenty-four hours after transfection, cells were treated with 10 μM thioridazine plus 0.5 μM curcumin or 75 nM PMA for 12 h. After treatment, cells were washed twice in HBSS and incubated with NBT (1.6 mg/ml) in HBSS at 37°C for 1 h. After fixation in 100% methanol and a wash in methanol, the formazan precipitates were dissolved by 560 μl 2 M KOH and 480 μl DMSO. The amount of reduced NBT was quantified by determination of the absorbance at 570 nm.
Measurement of hydrogen peroxide production
Hydrogen peroxide was determined using reaction mixture [100 μM Amplex Red and 0.2 U/ml HRP in Krebs-Ringer phosphate (KRPG) buffer (145 mM NaCl, 5.7 mM sodium phosphate, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, pH 7.35)]. AMC-HN4 cells were treated with 10 μM thioridazine in the presence or absence of 0.5 μM curcumin for 6 h, and then 50 μl media incubated with 50 μl of reaction mixture (100 μM Amplex Red and 0.2 U/ml HRP) for 10 min at 37°C. The levels of hydrogen peroxide in the medium was detected by fluorescence of the oxidized Amplex Red product using excitation and emission wavelengths of 560 and 590 nm, respectively. Intracellular levels of H 2 O 2 in cytoplasm were measured using the genetically encoded fluorescent sensors HyPer-Cyto (Evrogen, Moscow, Russia). In brief, AMC-HN4 cells were transiently transfected with HyPer-Cyto plasmids. After transfection, cells were treated with 10 μM thioridazine in the presence or absence of 0.5 μM curcumin. After 6 h, the cells were resuspended in 100 μl of phosphate-buffered saline (PBS), and HyPer fluorescence was detected by FACScan flow cytometer.
Measurement of glutathione
Glutathione (GSH) and glutathione disulfide (GSSG) was determined by a modification of the method, as previously described [41] . Cells were cultured in six-well plates and were lysed by 200 μl of lysis buffer (50 mM Tris-HCl, 1 mM EGTA, 1% Triton X-100). The cell lysate was deproteinized with the same volume of 10% 5-sulfosalicyclin acid. After centrifugation at 5000 g for 5 min at 4°C, the supernatant was divided into 2 samples, 1 for GSH and 1 for GSSG measures. The amount of total GSH was determined by formation of 5-thio-2-nitrobenzoic acid (TBA) converted from 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) [42] . GSSG was measured by the DTNB-GSSG reductase recycling assay after treating GSH with 2-vinylpyridine for 1 h at room temperature [43] . Total glutathione and GSSG levels were defined as the change in OD at 405 nm for 5 min at room temperature.
Statistical analysis
The data were analyzed using a one-way ANOVA and post-hoc comparisons (Student-Newman-Keuls) using the Statistical Package for Social Sciences 22.0 software (SPSS Inc.; Chicago, IL, USA).
Results

Combined treatment with thioridazine and curcumin induces apoptosis in cancer cells
Thioridazine has anti-cancer effects through inhibiting the PI3K/Akt signaling pathways. However, although thioridazine inhibits phosphorylation of Akt, cell death was not induced (Fig. 1A) . Therefore, we examined whether combined treatment with natural compounds and thioridazine induces cell death. Among natural compounds, curcumin markedly induced apoptosis in thioridazine-treated cells (Fig. 1B ). In addition, given curcumin sensitizes anti-cancer drugs-induced apoptosis [29] [30] [31] [32] [33] [34] [35] , and we investigated whether combined treatment with thioridazine and curcumin induces cell death in cancer cells. As shown in Fig. 2A -C, combined treatment with thioridazine and curcumin induced apoptosis and PARP cleavage, which is a one of the apoptosis markers, in head and neck squamous cell carcinoma (AMC-HN4), human breast carcinoma (MDA-MB231), and human glioma (U87MG) cells. In contrast, thioridazine plus curcumin did not induce a morphological change or apoptosis in normal human mesangial cells (MC) and normal human umbilical vein cells (EA.hy926) ( Fig. 2D ).
Therefore, combined treatment with thioridazine and curcumin induces apoptosis in cancer cells without inducing apoptosis in normal cells.
Thioridazine plus curcumin induces down-regulation of c-FLIP and Mcl-1 expression
Next, we used human head and neck AMC-HN4 cells to identify the molecular mechanism of apoptosis. First, we investigated whether combined treatment with thioridazine and curcumin has a synergistic effect on apoptosis. Thioridazine plus curcumin has synergistically induced apoptosis in human head and neck AMC-HN4 cells (Fig. 3A ). In addition, thioridazine plus curcumin induced chromatin damage in the nuclei (Fig. 3B ) and DNA fragmentation ( Fig. 3C ). We also used Tamoxifen as reference drug (Fig. 3C ). Furthermore, combined treatment with thioridazine and curcumin increased caspase activity (Fig. 3D) , and apoptosis is markedly inhibited by a pan-caspase inhibitor (z-VAD) in thioridazine plus curcumin treated cells ( Fig. 3E ). To investigate the mechanism of apoptosis, we examined the modulation of apoptosisrelated protein expression. Combined treatment with thioridazine and curcumin induced down-regulation of c-FLIP and Mcl-1 expression, but other apoptosis-related proteins (cIAP1, cIAP2, XIAP, Bcl-xL, and Bcl-2) did not change ( Fig. 3F ). Next, to identify the importance of c-FLIP and Mcl-1 down-regulation in apoptosis, cells were made to overexpress c-FLIP or Mcl-1. Ectopic expression of c-FLIP and Mcl-1 markedly inhibited apoptosis and cleavage of PARP ( Fig. 4A and B ). These results indicated that thioridazine plus curcumin induces caspase-mediated apoptosis through down-regulating c-FLIP and Mcl-1 protein expression.
Down-regulation of c-FLIP and Mcl-1 expression depends on augmentation of proteasome activity
Combined treatment with thioridazine and curcumin induced downregulation of c-FLIP and Mcl-1 protein expression within 6h ( Fig. 5A ). However, the mRNA expression of c-FLIP and Mcl-1 did not change ( Fig. 5B ). Therefore, we investigated whether combined treatment with thioridazine and curcumin modulates protein stability using cycloheximide (CHX), an inhibitor of de novo protein synthesis. The expression levels of c-FLIP and Mcl-1 proteins are gradually down-regulated within 12 h in cells treated with CHX alone. However, both proteins are rapidly reduced within 3 h in the presence of thioridazine plus curcumin ( Fig. 5C ). Degradation of both c-FLIP and Mcl-1 expression is mainly mediated by the ubiquitin-proteasome pathway [44, 45] . Therefore, we investigated the effect of proteasome inhibitors. Proteasome inhibitors (MG132 and lactacystine) reversed down-regulation of c-FLIP and Mcl-1 expression in thioridazine and curcumin-treated cells (Fig. 5D ). In addition, combined treatment with thioridazine and curcumin increased proteasome activity ( Fig. 5E ). Therefore, our results suggested that thioridazine plus curcumin induced down-regulation of c-FLIP and Mcl-1 expression at the post-translational levels in a proteasome-dependent manner.
Up-regulation of PSMA5 expression plays a critical role in downregulating c-FLIP and Mcl-1 expression
Up-regulation of proteasome subunit expression is related to augmentation of proteasome activity [46] . Therefore, we investigated whether thioridazine plus curcumin induced up-regulation of proteasome subunits. As shown in Fig. 6A and B , combined treatment with thioridazine and curcumin induced up-regulation of PSMA5 expression within 3 h; PSMA5 is a protein of the 20 S proteasome catalytic core. In contrast, thioridazine alone and curcumin alone had no effect (Fig. 6A) . The mRNA expression of PSMA5 is up-regulated in cells treated with thioridazine plus curcumin (Fig. 6C ). Furthermore, PSMA5 promoter activity is also induced by thioridazine plus curcumin treatment and sulforaphane (reference drug) treatment (Fig. 6D ). Next, we 
Up-regulation of PSMA5 expression depends on the Nrf2/ARE signaling pathway
Previous studies have reported that the promoter region of PSMA5 has an antioxidant response element (ARE), and nuclear translocation of Nrf2 induced up-regulation of PSMA5 expression [46] . Therefore, we investigated whether Nrf2/ARE signaling is involved in PSMA5 expression in thioridazine plus curcumin-treated cells. Combined treatment with thioridazine and curcumin induced nuclear translocation of Nrf2 within 1 h as well as increased the ARE transcriptional activities ( Fig. 7A and B ). Combined treatment with thioridazine and curcumin showed similar levels of Nrf2 nuclear translocation and ARE transcriptional activities compared with reference drug, sulforaphane ( Fig. 7B and Supplementary material Fig. S1A ). To confirm the involvement of Nrf2, we induced down-regulation of Nrf2 by siRNA. Down-regulation of Nrf2 inhibited apoptosis and PARP cleavage (Fig. 7C ). Furthermore, up-regulation of PSMA5 expression and downregulation of c-FLIP and Mcl-1 expression were reversed by down-regulation of Nrf2 (Fig. 7C ). Our results suggested that Nrf2/ARE signaling is involved in thioridazine plus curcumin-induced apoptosis through up-regulation of PSMA5 expression.
Reactive oxygen species plays a critical role in thioridazine plus curcumin-induced apoptosis
Oxidative stress is one of the activators of the Nrf2/ARE signaling pathway. Therefore, we investigated whether thioridazine plus curcumin increased the intracellular reactive oxygen species (ROS) levels. Combined treatment with thioridazine and curcumin increased the ROS levels within 1 h (Fig. 8A ). ROS scavengers [N-acetylcysteine (NAC), Glutathione-ethyl-ester (GEE), and trolox] inhibited nuclear translocation of Nrf2 in thioridazine plus curcumin-treated cells (Fig. 8B) . ARE transcriptional activities and PSMA5 promoter activities are also blocked by ROS scavengers in thioridazine plus curcumin-treated cells ( Fig. 8C and D) . In addition, inhibition of ROS production prevented thioridazine plus curcumin-induced apoptosis, cleavage of PARP, and up-regulation of PSMA5 expression ( Fig. 8E) . Therefore, ROS are important in Nrf2/ARE-mediated PSMA5 expression in thioridazine plus curcumin-treated cells.
Next, we examined the source of ROS. First, we checked the effect of thioridazine plus curcumin on the mitochondrial ROS levels. However, thioridazine plus curcumin did not induce mitochondrial ROS levels (Fig. 9A ). Furthermore, Mito-TEMPO, which is a specific mitochondrial superoxide scavenger, also had no effect on apoptosis; cleavage of PARP; or modulation of PSMA5, c-FLIP, and Mcl-1 expression (Fig. 9B ).
Next, we checked the possibility of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) as an ROS source. The NOX inhibitors [diphenyleneiodonium (DPI) and apocynin] markedly inhibited apoptosis and cleavage of PARP, but not mitochondrial ROS inhibitor (rotenone), in thioridazine plus curcumin-treated cells (Fig. 9C ). Furthermore, thioridazine plus curcumin-induced up-regulation of PSMA5 expression and down-regulation of c-FLIP and Mcl-1 were also reversed by NOX inhibitors (Fig. 9C) . To further confirm the relation of NOX, we examined the NOX4 expression in thioridazine plus curcumin-treated cells. Curcumin plus thioridazine markedly induced NOX4 expression ( Fig. 9D ) and NBT reduction, which detects NOX4dependent superoxide ( Fig. 9E and Supplementary material Fig. S2A ). Furthermore, we also confirmed ROS production by thioridazine plus curcumin using Amplex Red, cytoplasmic hydrogen peroxide sensor (Hyper-cyto), and GSSG/GSH measurement (Supplementary material Fig. S2B-D) . Curcumin plus thioridazine induced hydrogen peroxide production and decreased GSH levels, but curcumin alone and thioridazine alone had no effect on NBT reduction, ROS production, and GSSG/GSH levels (Supplementary material Fig. S2A-D) . In addition, down-regulation of NOX4 by siRNA blocked NBT reduction and inhibited apoptosis while modulating PSMA5, c-FLIP, and Mcl-1 expression ( Fig. 9E and F) . Therefore, these data suggested that thioridazine plus curcumin-induced ROS production is mediated by NOX4.
Discussion
Here, we demonstrated the mechanisms underlying combined treatment with thioridazine and curcumin-induced apoptosis in cancer cells. Thioridazine plus curcumin induced activation of Nrf2/ARE signaling pathways via NOX4-dependent ROS production. Activated Nrf2 increased PSMA5 expression at the transcriptional level and proteasome activity. Down-regulation of c-FLIP and Mcl-2 expression by augmentation of proteasome activity plays critical roles of thioridazine and curcumin-induced apoptosis. These results suggest that combined treatment with thioridazine and curcumin could be an effective anticancer strategy.
In our study, thioridazine plus curcumin induced apoptosis in a ROS-dependent manner (Fig. 8E) . In our studies, while curcumin alone and thioridazine alone did not increase the intracellular ROS levels (Supplementary material Figs. S1C and S2), combined treatment with thioridazine and curcumin markedly increased the intracellular ROS levels ( Fig. 8A and Supplementary material Fig. S2 ). However, an anticancer effect of curcumin in some cancer cells is mediated by up-regulation of ROS production. For example, curcumin (20 μM) produced intracellular ROS and then induced ER stress-mediated apoptosis in cervical cancer [47] , and curcumin (25 μM) induced apoptosis via ROSmediated down-regulation of anti-apoptotic proteins (c-FLIP, Bcl-2, and c-IAP2) expression and inhibition of NF-κB signaling in T-cell lymphoma [48] . In contrast, curcumin also had an anti-oxidant function. The effect of curcumin on ROS production depends on the concentration [49] . Kang et al., reported that curcumin (< 20 μM) decreases the ROS levels, but curcumin (> 25 μM) increases the ROS levels in human hepatoma cells [49] . In our study, we used a very low dose of curcumin (0.5 μM), which might not induce ROS production or apoptosis. Thioridazine also acts as a pro-oxidant and anti-oxidant. Although thioridazine (10 μM) did not increase the ROS levels in human head and neck carcinoma cells (Supplementary material Figs. S1C and S2), the same dosage of thioridazine markedly increased ROS production in human renal carcinoma Caki cells [16] . In contrast, thioridazine (10 μM) inhibited the accumulation of superoxide produced by the respiratory chain in mitochondria [50] . Therefore, ROS production by thioridazine depends on the cell types and contexts.
Many anti-cancer drugs induce cell death through up-regulating the intracellular ROS levels. One of intracellular ROS sources is nicotinamide adenosine dinucleotide phosphate (NADPH) oxidase (NOX). In our study, we suggested that NOX4 plays a major role in combined treatment with curcumin and thioridazine-induced ROS production.
First, combined treatment with curcumin and thioridazine induced upregulation of NOX4 expression (Fig. 9D) , and knock-down of NOX4 by siRNA markedly inhibited apoptosis (Fig. 9F ). NOX4 activity is mainly determined by NOX4 protein expression [51] . Second, we found that down-regulation of NOX4 by siRNA markedly inhibited ROS production and Nrf2 nuclear translocation in curcumin plus thioridazine treated cells ( Fig. 9E, Supplementary material Figs. S1D and S2B-D). In addition, we investigated the effect of NOXs on curcumin plus thioridazineinduced ROS production and modulation of c-FLIP, Mcl-1, and PSMA5 expression. The NOX inhibitors (DPI, apocynin, and VAS2870) and NOX1/4 inhibitor (GKT137831) inhibited ROS production and downregulation of c-FLIP and Mcl-1 expression and up-regulation of PSMA5 Fig. S3 ). However, NOX1 inhibitor (ML171) and NOX2 inhibitor (Phox-I2) had no effect (Supplementary material Fig. S3 ). Therefore, NOX4 plays a critical role in curcumin plus thioridazineinduced ROS production.
Thioridazine is one of phenothiazines families, which has an antipsychotic drug depending on inhibition of dopaminergic D2 receptors. The bioavailability of thioridazine showed great variability, ranged from 25% to 33%, and oral administration of thioridazine (100 mg) reached maximal concentration (371.8 ng/ml) in the plasma between 1 and 2 h [52] . High concentrations of thioridazine, as anti-psychotic drug have side effects such as dysrhythmia, sudden death, anti-hERG activity and strong sedative effects [53] [54] [55] . Therefore, to reduce side effects we used combined treatment with low concentrations of thioridazine and curcumin. Thioridazine inhibits cellular ROS production via inhibition of NOX enzymes. Based on structures, N-substituted phenothiazines, such as thioridazine, inhibited NOX enzymes, but unsubstituted phenothiazines had no effect on NOX activity [56] . Thioridazine inhibits NOX2 with an IC 50 of 0.5-2 μM [57] . Lena et al. reported that thioridazine inhibited NOX4 with an IC 50 of 5 μM in tetracycline-induced T-Rex™ NOX4 cells [51] . In our study, as shown in Supplementary material Fig. S1C , thioridazine alone or curcumin alone did not effect on NOX4 expression. However, combined treatment with thioridazine and curcumin significantly induced NOX4 expression (Supplementary material Fig. S1C ). In addition, NOX4 siRNA markedly reduced curcumin plus thioridazine-induced ROS production. Therefore, these results suggest that thioridazine's inhibitory effect of NOX4 activity did not much effect on curcumin plus thioridazine-induced ROS production in our systems. We need further experiments to identify the effect of thioridazine on NOX4 enzyme activity in AMC-HN4 cells.
Several papers reported that curcumin has been known as a safe compound at high dose [58, 59] . When mice were treated with curcumin by gavage (0.4 μmol), intraperitoneal (i.p.) (0.4 μmol) or intramuscular (i.m.) (0.2 μmol), curcumin was detected 0.519 μg/g, 0.739 μg/g, or 1.162 μg/g in the brain, respectively [60] and curcumin easily crosses the blood brain barrier [61, 62] . In addition, when orally administered with 400 mg curcumin in the rats, only about 60% of curcumin was absorbed, and very low levels of the curcumin in liver (caption on next page) and kidney (< 20 µg/tissue) were detected from 15 min up to 24 h [63] . Furthermore, when the curcumin (0.1 g/kg) was administrated by i.p. in the mice, the levels of curcumin in the intestines, spleen, liver, and kidneys after 1 h was detected 177.04, 26.06, 26.90, and 7.51 µg/g, respectively [64] . Recently, to increase the bioavailability of curcumin, curcumin hydrogel was used. After intranasal administration of the curcumin hydrogel, the levels of curcumin in the cerebrum, cerebellum, hippocampus and olfactory bulb were higher than i.v. administration [65] . Clinical trials of oral curcumin have a limitation, because most of curcumin underdoes metabolism in intestine and liver. To improve the bioavailability of curcumin, piperine which is an inhibitor of hepatic and intestinal glucuronidation, increase 2000% increase bioavailability of curcumin [66] , and micronized powder and liquid micelles markedly induced better bioavailability than native curcumin [67] . There are reported about anti-cancer effects of curcumin in multiple cancers, however, the information about the bioavailability of curcumin in head and neck cancer is unknown. Furthermore, curcumin has been classified as a PAINS (pan-assay interference compounds) and an IMP (invalid metabolic panaceas) [68] . Therefore, combined treatment with curcumin and other anti-cancer drugs could reduce toxicity and enhance anti-cancer effects. In our studies, combined treatment with thioridazine and curcumin induced down-regulation of c-FLIP through up-regulation of ROSmediated PSMA5 expression ( Fig. 6E ). In addition, ROS plays critical roles on down-regulation of c-FLIP expression via multiple mechanisms. First, ROS induces expression levels of Cbl, E3 ligase of c-FLIP. Seo et al., reported that inhibition of cathepsin S induced down-regulation of c-FLIP expression through up-regulation of Cbl expression in a ROSdependent manner [69] . Second, ROS induces phosphorylation and ubiquitination of c-FLIP. ROS inducers (menadione, paraquat, and buthionine sulfoximine) increased phosphorylation at Thr 166, and then enhanced ubiquitination at Lys 167 of c-FLIP [70] . In contrast, nitric oxide induced S-nitrosylation of c-FLIP inhibits ubiquitination. Chanvorachote et al., reported that Cys 254 and Cys 259 are the principle target sites for S-nitrosylation of c-FLIP [71] . In case of Mcl-1, phosphorylation status determines the stability of Mcl-1. The ERK-mediated phosphorylation of Thr 92 and Thr 163 residue and JNK-mediated phosphorylation of Ser 121 and Thr 163 residue enhance stabilization of Mcl-1 [72] [73] [74] . Interestingly, phosphorylation at Thr 163, Ser159 and Ser155 by glycogen synthase kinase (GSK)-3 is required for degradation of Mcl-1 [75] . However, role of ROS in Mcl-1 protein stability is not well known. In previous study, thioridazine induced ROS-mediated down-regulation of Mcl-1 expression in human renal carcinoma Caki cells [16] . However, thioridazine did not induce PSMA5 expression [16] . Therefore, modulation of c-FLIP and Mcl-1 protein expression is mediated via multiple mechanisms in a cell text and stimuli-dependent manner.
Taken together, we suggest that combined treatment with curcumin and thioridazine induced apoptosis through down-regulating c-FLIP and Mcl-1 expression at the post-translational levels by NOX4-mediated up-regulation of proteasome activity. Therefore, combined treatment with thioridazine and curcumin could facilitate the development of a safe and an effective strategy for cancer treatment.
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